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(54) Aluminium electrowinning cells with oxygen-evolving anodes

(57) A cell for the electrowinning of aluminium com-
prises at least one non-carbon metal-based anode (10)
having an electrically conductive metallic structure
(12,13,15) which is suspended substantially parallel to
a facing cathode. Such metallic structure (12,13,15)
comprises a series of parallel horizontal anode mem-
bers (15), each having an electrochemically active sur-
face (16) on which during electrolysis oxygen is anodi-

cally evolved. The electrochemically active surfaces
(16) are in a generally coplanar arrangement to form the
active anode surface. The active anode surface is ver-
tical or substantially vertical. The anode members are
spaced apart from one another by inter-member gaps
forming flow-through openings (17) for the circulation of
electrolyte (30) driven by the escape of anodically-
evolved oxygen. The electrolyte (30) may circulate
around the anode structure (12,13,15).
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Description

Field of the Invention

[0001] This invention relates to a cell for the elec-
trowinning of aluminium from alumina dissolved in a flu-
oride-containing molten electrolyte such as cryolite, pro-
vided with non-carbon, metal-based, anodes designed
for such aluminium electrowinning cells.

Background Art

[0002] The technology for the production of alumini-
um by the electrolysis of alumina, dissolved in molten
cryolite, at temperatures around 950°C is more than one
hundred years old.
[0003] This process conceived almost simultaneously
by Hall and Héroult, has not evolved as many other elec-
trochemical processes.
[0004] The anodes are still made of carbonaceous
material and must be replaced every few weeks. During
electrolysis the oxygen which should evolve on the an-
ode surface combines with the carbon to form polluting
CO2 and small amounts of CO and fluorine-containing
dangerous gases. The actual consumption of the anode
is as much as 450 Kg/Ton of aluminium produced which
is more than 1/3 higher than the theoretical amount of
333 Kg/Ton.
[0005] Using metal anodes in aluminium electrowin-
ning cells would drastically improve the aluminium proc-
ess by reducing pollution and the cost of aluminium pro-
duction.
[0006] US Patent 4,999,097 (Sadoway) describes an-
odes for conventional aluminium electrowinning cells
provided with an oxide coating containing at least one
oxide of zirconium, hafnium, thorium and uranium. To
prevent consumption of the anode, the bath is saturated
with the materials that form the coating. However, these
coatings are poorly conductive and have not been used.
[0007] US Patent 4,504,369 (Keller) discloses a
method of producing aluminium in a conventional cell
using massive metal oxide anodes having a central ver-
tical through-opening for feeding anode constituents
and alumina into the electrolyte, to slow dissolution of
the anode.
[0008] US Patent 4,614,569 (Duruz/Derivaz/Debely/
Adorian) describes metal anodes for aluminium elec-
trowinning coated with a protective coating of cerium ox-
yfluoride, formed in-situ in the cell or pre-applied, this
coating being maintained during electrolysis by the ad-
dition of small amounts of a cerium compound to the
molten cryolite electrolyte. This made it possible to have
a protection of the surface from the electrolyte attack
and to a certain extent from gaseous oxygen but not
from nascent monoatomic oxygen.
[0009] Several designs for oxygen-evolving anodes
for aluminium electrowinning cells were proposed in the
following documents. US Patent 4,681,671 (Duruz) dis-

closes vertical anode plates or vertical blades operated
in low temperature aluminium electrowinning cells. US
Patent 5,310,476 (Sekhar/de Nora) discloses oxygen-
evolving anodes consisting of roof-like assembled pairs
of anode plates. US Patent 5,362,366 (de Nora/Sekhar)
describes non-consumable anode shapes, such as
roof-like assembled pairs of anode plates, as well as a
downwardly curved flexible sheet or wire or bundle of
wires. US Patent 5,368,702 (de Nora) discloses vertical
tubular or conical oxygen-evolving anodes for multimo-
nopolar aluminium cells. US Patent 5,683,559 (de Nora)
describes an aluminium electrowinning cell with oxy-
gen-evolving bent anode plates which are aligned in a
roof-like configuration facing correspondingly shaped
cathodes. US Patent 5,725,744 (de Nora/Duruz) dis-
closes vertical oxygen-evolving anode plates, prefera-
bly porous or reticulated, in a multimonopolar cell ar-
rangement for aluminium electrowinning cells operating
at reduced temperature.
[0010] While the foregoing references indicate contin-
ued efforts to improve the operation of aluminium elec-
trowinning cell operations by using oxygen-evolving an-
odes none of them has found any commercial accept-
ance yet.

Objects of the Invention

[0011] It is an object of the invention to provide an alu-
minium electrowinning cell with one or more metal-
based non-carbon anodes.
[0012] It is also an object of the invention to provide
an aluminium electrowinning cell with one or more an-
odes 'which have a large surface area and a high elec-
trochemical activity for the evolution of oxygen and
which permit fast oxygen gas release and circulation of
alumina rich electrolyte between the anodes and a fac-
ing cathode.
[0013] An object of the invention is to provide an alu-
minium electrowinning cell with one or more metal-
based non-carbon anodes whose design permits an en-
hanced electrolyte circulation and which are easy and
economic to manufacture.
[0014] Another object of the invention is to provide an
aluminium electrowinning cell with one or more metal-
based non-carbon anodes whose design permits an en-
hanced electrolyte circulation and which are made of a
long lasting anode material leading to commercially ac-
ceptable produced aluminium and which can be shaped
at will.
[0015] A further object of the invention is to provide
an aluminium electrowinning cell with one or more met-
al-based non-carbon anodes whose design permits an
enhanced electrolyte circulation and which are made of
an anode material having a low solubility in the electro-
lyte.
[0016] An important object of the invention is to pro-
vide an aluminium electrowinning cell with one or more
metal-based non-carbon anodes whose design permits
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an enhanced electrolyte circulation and which can be
maintained dimensionally stable and do not excessively
contaminate the product aluminium.

Summary of the Invention

[0017] The invention provides a cell for the electrowin-
ning of aluminium from alumina dissolved in a fluoride-
containing molten electrolyte. The cell comprises at
least one non-carbon metal-based anode having an
electrically conductive metallic structure with an electro-
chemically active anode surface on which, during elec-
trolysis, oxygen is anodically evolved, and which is sus-
pended in the electrolyte substantially parallel to a fac-
ing cathode. Such metallic structure comprises a series
of parallel horizontal anode members, each having an
electrochemically active surface on which during elec-
trolysis oxygen is anodically evolved, the electrochem-
ically active surfaces being in a generally coplanar ar-
rangement to form said active anode surface. The an-
ode members are spaced apart to form longitudinal flow-
through openings for the circulation of electrolyte driven
by the fast escape of anodically evolved oxygen.
[0018] Depending on the cell configuration some or
all of the flow-through openings may serve for the flow
of alumina-rich electrolyte to an electrolysis zone be-
tween the anode(s) and the cathode and/or for the flow
of alumina-depleted electrolyte away from the electrol-
ysis zone. When the anode surface is horizontal or in-
clined these flows are ascending and descending. Part
of the electrolyte circulation may also take place around
the metallic anode structure.
[0019] A substantially uniform current distribution can
be provided from a current feeder through conductive
transverse metallic connectors to the anode members
and their active surfaces.
[0020] As opposed to known oxygen-evolving anode
designs for aluminium electrowinning cells, in an anode
according to this invention the coplanar arrangement of
the anode members provides an electrochemically ac-
tive surface extending over an expanse which is much
greater than the thickness of the anode members, there-
by limiting the material cost of the anode.
[0021] The electrochemically active anode surface is
usually substantially horizontal or inclined to the hori-
zontal.
[0022] In special cases, the electrochemically active
anode surface may be vertical or substantially vertical,
the horizontal anode members being spaced apart one
above the other, and arranged so the circulation of elec-
trolyte takes place through the flow-through openings.
For example, the anode members may be arranged like
venetian blinds next to a vertical or substantially vertical
cathode.
[0023] In one embodiment, two substantially vertical
(or downwardly converging at a slight angle to the ver-
tical) spaced apart adjacent anodes are arranged be-
tween a pair of substantially vertical cathodes, each an-

ode and facing parallel cathode being spaced apart by
an inter-electrode gap. The adjacent anodes are spaced
apart by an electrolyte down-flow gap in which alumina-
rich electrolyte flows downwards until it circulates via the
adjacent anodes' flow-through openings into the inter-
electrode gaps. The alumina-rich electrolyte is electro-
lysed in the inter-electrode gaps thereby producing
anodically evolved oxygen which drives alumina-deplet-
ed electrolyte up towards the surface of the electrolyte
where the electrolyte is enriched with alumina, and in-
duces the downward flow of alumina-rich electrolyte.
[0024] The anode members may be spaced-apart
blades, bars, rods or wires. The bars, rods or wires may
have a generally rectangular or circular cross-section,
or have in cross-section an upper generally semi-circu-
lar part and a flat bottom. Alternatively, the bars, rods or
wires may have a generally bell-shape or pear-shape
cross-section.
[0025] Each blade, bar, rod or wire may be generally
rectilinear or, alternatively, in a generally concentric ar-
rangement, each blade, bar, rod or wire forming a loop
to minimise edge effects of the current during use. For
instance, each blade, bar, rod or wire can be generally
circular, oval or polygonal, in particular rectangular or
square, preferably with rounded corners.
[0026] Each anode member may be an assembly
comprising an electrically conductive first or support
member supporting or carrying at least one electro-
chemically active second member, the surface of the
second member forming the electrochemical active sur-
face. To avoid unnecessary mechanical stress in the as-
sembly due to a different thermal expansion between
the first and second members, the first member may
support a plurality of spaced apart "short" second mem-
bers.
[0027] The electrochemically active second member
may be electrically and mechanically connected to the
first support member by an intermediate connecting
member such as a flange. Usually, the first member is
directly or indirectly in contact with the electrochemically
active second member along its whole length which min-
imises during cell operation the current path through the
electrochemically active member. Such a design is par-
ticularly well suited for a second member made of an
electrochemically active material which does not have
a high electrical conductivity.
[0028] Such an anode member design is also suitable
when the member is an entire body of electrochemically
active material which is oxidation resistant and porous
(such as bulk oxide) and which has an ionic conductivity
permitting the oxidation of oxygen ions within the active
material. When such an active material covers an oxi-
disable substrate, the substrate is possibly oxidised
thereby expanding underneath the electrochemically
active material subjecting it to mechanical damaging
stress. By providing a support member which has a bar-
rier to oxygen on its surface, such as chromium oxide,
and which is electrically conductive but not necessarily
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electrochemically active, the support member is not ox-
idised by possible ionic oxygen reaching it. Ionic oxygen
remains within the electrochemically active material and
is eventually converted into monoatomic and biatomic
oxygen therein.
[0029] The parallel anode members should be con-
nected to one another for instance in a grid-like, net-like
or mesh-like configuration of the anode members. To
avoid edge effects of the current, the extremities of the
anode members can be connected together, for exam-
ple they can be arranged extending across a generally
rectangular peripheral anode frame from one side to an
opposite side of the frame.
[0030] Alternatively, the connection can be achieved
by at least one connecting member. Possibly the anode
members are connected by a plurality of transverse con-
necting members which are in turn connected together
by one or more cross members. For concentric looped
configurations, the transverse connecting members
may be radial. In this case the radial connecting mem-
bers extend radially from the middle of the parallel an-
ode member arrangement and optionally are secured to
or integral with an outer ring at the periphery of this ar-
rangement.
[0031] Advantageously, the transverse connecting
members are of variable section to ensure a substan-
tially equal current density in the connecting members
before and after each connection to an anode member.
This also applies to the cross member when present.
[0032] Usually, each metallic anode comprises at
least one vertical current feeder arranged to be connect-
ed to a positive bus bar. Such a current feeder is me-
chanically and electrically connected to one or more
transverse connecting members or one or more cross
members connecting a plurality of transverse connect-
ing members, so that the current feeder carries electric
current to the anode members through the transverse
connecting member(s) and where present through the
cross member(s). Where no transverse connecting
member is present the vertical current feeder is directly
connected to the anode members which are in a grid-
like, net-like or mesh-like configuration.
[0033] The vertical current feeder, anode members,
transverse connecting members and where present the
cross members may be secured together for example
by being cast as a unit. Assembly by welding or other
mechanical connection means is also possible.
[0034] Usually, when the anode is not made of bulk
electrochemically active material, the anode may have
an oxygen-evolving coating, which may be an applied
coating or a coating obtained by surface oxidation of a
metallic anode substrate. Usually the coating is made
of metal oxide such as iron oxide.
[0035] The anode(s) may slowly dissolve in the elec-
trolyte. Alternatively, the operating conditions of the cell
may be such as to maintain the or each anode dimen-
sionally stable. For instance, a sufficient amount of an-
ode constituents may be maintained in the electrolyte to

keep the anode(s) substantially dimensionally stable by
reducing or preventing dissolution thereof into the elec-
trolyte.
[0036] The cell may comprise at least one aluminium-
wettable cathode. The aluminium-wettable cathode
may be in a drained configuration. Examples of drained
cathode cells are described in US Patent 5,683,130 (de
Nora), WO99/02764 and WO99/41429 (both in the
name of de Nora/Duruz)
[0037] The cell may also comprise means to facilitate
dissolution of alumina fed into the electrolyte, for in-
stance by using electrolyte guiding members above the
anode members as described in PCT/IB99/00017 (de
Nora) inducing an up-flow and/or a down-flow of elec-
trolyte through and possibly around the anode structure.
[0038] The electrolyte guide members may be se-
cured together by being cast as a unit, welding or using
other mechanical connecting means to form an assem-
bly. This assembly can be connected to the vertical cur-
rent feeder or secured to or placed on the foraminate
anode structure.
[0039] The cell may also comprise means to thermally
insulate the surface of the electrolyte to prevent the for-
mation of an electrolyte crust on the electrolyte surface,
such as an insulating cover above the electrolyte, as de-
scribed in co-pending application WO99/02763 (de No-
ra/Sekhar).
[0040] A further aspect of the invention is a method of
producing aluminium in a cell as described above. The
method comprises passing an electric current through
the anode members of the or each anode as electronic
current and therefrom through the electrolyte to the
cathode as ionic current, thereby producing aluminium
on the cathode and oxygen on the electrochemically ac-
tive anode surfaces whose escape induces an electro-
lyte circulation through the anode's flow through open-
ings.
[0041] The invention also provides a non-carbon met-
al-based anode of a cell for the electrowinning of alu-
minium as described above. The anode has an electri-
cally conductive metallic structure with an electrochem-
ically active anode surface resistant to oxidation and flu-
oride-containing molten electrolyte, on which, during
electrolysis, oxygen is anodically evolved, and which is
suspended in the electrolyte substantially parallel to a
facing cathode. Such metallic structure comprises a se-
ries of parallel horizontal anode members, each having
an electrochemically active surface on which during
electrolysis oxygen is anodically evolved. The electro-
chemically active surfaces are in a generally coplanar
arrangement to form the active anode surface. The an-
ode members are spaced apart to form longitudinal flow-
through openings for the circulation of electrolyte driven
by the fast escape of anodically evolved oxygen.

Anode Materials and Operation

[0042] Anodes of the present invention may consist
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of or preferably may be coated with an iron oxide-based
material possibly obtained by oxidising the surface of an
anode substrate which contains iron. Suitable anode
materials are described in greater detail in co-pending
application PCT/IB99/01360 (Duruz/de Nora/Crottaz),
PCT/IB99/00015 (de Nora/Duruz), PCT/IB99/01361
(Duruz/de Nora/Crottaz), PCT/IB99/01362 (Crottaz/Du-
ruz), PCT/IB99/01977 (de Nora/Duruz) and PCT/
IB99/01976 (Duruz/de Nora).
[0043] In known processes, even the least soluble an-
ode material releases excessive amounts of constitu-
ents into the bath, which leads to an excessive contam-
ination of the product aluminium. For example, the con-
centration of nickel (a frequent component of proposed
metal-based anodes) found in aluminium produced in
small scale tests at conventional cell operating temper-
atures is typically comprised between 800 and 2000
ppm, i.e. 4 to 10 times the maximum acceptable level
which is 200 ppm.
[0044] Iron oxides and in particular hematite (Fe2O3)
have a higher solubility than nickel in molten electrolyte.
However, in industrial production the contamination tol-
erance of the product aluminium by iron oxides is also
much higher (up to 2000 ppm) than for other metal im-
purities.
[0045] Solubility is an intrinsic property of anode ma-
terials and cannot be changed otherwise than by mod-
ifying the electrolyte composition and/or the operative
temperature of a cell.
[0046] Small scale tests utilising a NiFe2O4/Cu cer-
met anode and operating under steady conditions were
carried out to establish the concentration of iron in mol-
ten electrolyte and in the product aluminium under dif-
ferent operating conditions.
[0047] In the case of iron oxide, it has been found that
lowering the temperature of the electrolyte decreases
considerably the solubility of iron species. This effect
can surprisingly be exploited to produce a major impact
on cell operation by limiting the contamination of the
product aluminium by iron.
[0048] Thus, it has been found that when the operat-
ing temperature of the cell is reduced below the temper-
ature of conventional cells (950-970°C) an anode cov-
ered with an outer layer of iron oxide can be made di-
mensionally stable by maintaining a concentration of
iron species and alumina in the molten electrolyte suffi-
cient to reduce or suppress the dissolution of the iron-
oxide layer, the concentration of iron species being low
enough not to exceed the commercial acceptable level
of iron in the product aluminium.
[0049] The presence of dissolved alumina in the elec-
trolyte at the anode surface has a limiting effect on the
dissolution of iron from the anode into the electrolyte,
which reduces the concentration of iron species neces-
sary to substantially stop dissolution of iron from the an-
ode.
[0050] When the electrochemically active surface of
the anode(s) is iron oxide-based, the electrolyte may

comprise an amount of iron species and dissolved alu-
mina preventing dissolution of the iron oxide-based
electrochemically active surface. The amount of iron
species and alumina dissolved in the electrolyte and
preventing dissolution of the iron oxide-based electro-
chemically active surface of the or each anode should
be such that the product aluminium is contaminated by
no more than 2000 ppm iron, preferably by no more than
1000 ppm iron, and even more preferably by no more
than 500 ppm iron.
[0051] To maintain the amount of anode constituents,
in particular iron species, in the electrolyte which pre-
vents at the operating temperature the dissolution of the
or each anode if the alumina feed itself does not contain
enough iron, anode constituents may be fed into the
electrolyte intermittently, for instance periodically to-
gether with alumina, or continuously, for example by
means of a sacrificial electrode. When the electrochem-
ically active surface of the anode is iron oxide-based,
iron species may be fed into the electrolyte in the form
of iron metal and/or an iron compound such as iron ox-
ide, iron fluoride, iron oxyfluoride and/or an iron-alumin-
ium alloy.
[0052] To limit contamination of the product alumini-
um by cathodically-reduced anode constituents to a
commercially acceptable level, the cell should be oper-
ated at a sufficiently low temperature so that the re-
quired concentration of dissolved alumina and anode
constituents, in particular iron species, in the electrolyte
is limited by the reduced solubility of iron species in the
electrolyte at the operating temperature.
[0053] The cell may be operated with an operative
temperature of the electrolyte below 910°C, usually
from 730 to 870°C. The electrolyte may contain NaF and
AlF3 in a molar ratio NaF/AlF3 required for the operating
temperature of the cell comprised between 1.2 and 2.4.
The amount of dissolved alumina contained in the elec-
trolyte is usually below 8 weight%, preferably between
2 weight% and 6 weight%.
[0054] The inactive parts of anodes which during cell
operation are exposed to molten electrolyte, in particular
those parts near the surface of the electrolyte, may be
protected with a zinc-based coating, in particular con-
taining zinc oxide with or without alumina, or zinc alumi-
nate. During cell operation, to substantially inhibit dis-
solution of such a surface, the concentration in the elec-
trolyte of dissolved alumina should be maintained at or
above 3 to 4 weight%.

Brief Description of the Drawings

[0055] The invention will now be described with refer-
ence to the schematic drawings, wherein:

- Figures 1a and 1b show respectively a side eleva-
tion and a plan view of an anode according to the
invention;

7 8



EP 1 416 067 A2

7

5

10

15

20

25

30

35

40

45

50

55

- Figures 2a and 2b show respectively a side eleva-
tion and a plan view of another anode according to
the invention;

- Figures 3, 4, 5 and 6 show side elevations of vari-
ations of the anode shown in Figures 1a and 1b;

- Figures 7 and 8 show cross-sections of multi-part
anode members according to the invention;

- Figure 9 shows an aluminium electrowinning cell
operating with anodes according to the invention fit-
ted with electrolyte guide members;

- Figures 10, 11 and 12 are enlarged views of parts
of variations of the electrolyte guide members
shown in Figure 9, Figure 10 illustrating cell opera-
tion;

- Figure 13 is a cross section of another anode ac-
cording to the invention with electrolyte guide mem-
bers only one of which is shown;

- Figure 14 shows a plan view of half of an assembly
of several electrolyte guide members like the one
shown in Figure 13;

- Figure 15 is a plan view of the anode shown Figure
13 with half of an assembly of electrolyte guide
members as shown in Figure 14; and

- Figure 16 is a plan view of a variation of the anode
of Figure 15.

Detailed Description

[0056] Figures 1a and 1b schematically show an an-
ode 10 of a cell for the electrowinning of aluminium ac-
cording to the invention.
[0057] The anode 10 comprises a vertical current
feeder 11 for connecting the anode to a positive bus bar,
a cross member 12 and a pair of transverse connecting
members 13 for connecting a series of anode members
15.
[0058] The anode members 15 have an electrochem-
ically active lower surface 16 where oxygen is anodically
evolved during cell operation. The anode members 15
are in the form of parallel rods in a coplanar arrange-
ment, laterally spaced apart from one another by inter-
member gaps 17. The inter-member gaps 17 constitute
flow-through openings for the circulation of electrolyte
and the escape of anodically-evolved gas released at
the electrochemically active surfaces 16.
[0059] The anode members 15 are transversally con-
nected by the pair of transverse connecting members
13 which are in turn connected together by the cross
member 12 on which the vertical current feeder 11 is
mounted. The current feeder 11, the cross member 12,

the transverse connecting members 13 and the anode
members 15 are mechanically secured together by
welding, rivets or other means.
[0060] As described above, the electrochemically ac-
tive surface 16 of the anode members 15 can be iron-
oxide based in particular as described in co-pending ap-
plication PCT/IB99/01360 (Duruz/de Nora/Crottaz),
PCT/IB99/00015 (de Nora/Duruz), PCT/IB99/01361
(Duruz/de Nora/Crottaz), PCT/IB99/01362 (Crottaz/Du-
ruz), PCT/IB99/01977 (de Nora/Duruz) and PCT/
IB99/01976 (Duruz/de Nora).
[0061] The cross-member 12 and the transverse con-
necting members 13 are so designed and positioned
over the anode members 15 to provide a substantially
even current distribution through the anode members
15 to their electrochemically active surfaces 16. The cur-
rent feeder 11, the cross-member 12 and the transverse
connecting members 13 do not need to be electrochem-
ically active and their surface may passivate when ex-
posed to electrolyte. However they should be electrically
well conductive to avoid unnecessary voltage drops and
should not substantially dissolve in electrolyte.
[0062] When the anode members 15 and the cross-
members 12 are exposed to different thermal expan-
sion, each anode member 15 as shown in Figure 1 may
be made into two (or more where appropriate) separate
"short" anode members. The "short" anode members
should be longitudinally spaced apart when the thermal
expansion of the anode members 15 is greater than the
thermal expansion of the cross-members 12.
[0063] Alternatively, it may be advantageous in some
cases, in particular to enhance the uniformity of the cur-
rent distribution, to have more than two transverse con-
necting members 13 and/or a plurality of cross-mem-
bers 12.
[0064] Also, it is not necessary for the two transverse
connecting members 13 to be perpendicular to the an-
ode members 15 in a parallel configuration as shown in
Figure 1. The transverse connecting members 13 may
be in an X configuration in which each connecting mem-
ber 13 extends for example from one corner to the op-
posite corner of a rectangular or square anode structure,
a vertical current feeder 11 being connected to the in-
tersection of the connecting members 13.
[0065] Figures 2a and 2b schematically show a vari-
ation of the anode 10 shown in Figures 1a and 1b.
[0066] Instead of having transverse connecting mem-
bers 13, a cross-member 12 and a current feeder 11 for
mechanically and electrically connecting the anode
members 15 to a positive bus bar as illustrated in Fig-
ures 1a and 1b, the anode 10 shown in Figures 2a and
2b comprises a pair of cast or profiled support members
14 fulfilling the same function. Each cast support mem-
ber 14 comprises a lower horizontally extending foot 14a
for electrically and mechanically connecting the anode
members 15, a stem 14b for connecting the anode 10
to a positive bus bar and a pair of lateral reinforcement
flanges 14c between the horizontally extending foot 14a
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and stem 14b.
[0067] The anode members 15 may be secured by
force-fitting or welding in the horizontal foot 14a. As an
alternative, the shape of the anode members 15 and
corresponding receiving slots in the foot 14a may be
such as to allow only longitudinal movements of the an-
ode members. For instance the anode members 15 and
the foot 14a may be connected by dovetail joints.
[0068] Figures 3 to 6 show a series of anodes 10 ac-
cording to the invention which are similar to the anode
10 shown in Figures 1a and 1b. However the cross-sec-
tions of the anode members 15 of the anodes 10 shown
in Figures 3 to 6 differ to the circular cross-section of the
anode members 10 shown in Figures 1a and 1b.
[0069] The anode members 15 of the anode shown in
Figure 3 have in cross-section a generally semi-circular
upper part and a flat bottom which constitutes the elec-
trochemically active surface 16 of each anode member
15.
[0070] Figure 4 illustrates anode members 15 in the
form of rods which have a generally bell-shaped or pear-
shaped cross-section. The electrochemically active sur-
face 16 of the anode members 10 is located along the
bottom of the bell-shape or pear-shape.
[0071] The anode members 15 shown in Figure 5 are
rods having a generally rectangular cross-section. The
electrochemically active surface 16 is located along the
bottom narrow side of the rod.
[0072] Figures 6 and 7 shows an anode 10 having as-
sembled multi-part anode members 15 comprising a
first member 15b supporting an electrochemically active
second member 15a. The electrochemically active
member 15a has an electrochemically active surface 16
and is connected along it whole length to the electrically
well-conductive support member 15b by an intermedi-
ate connecting member 15c such as a flange. This an-
ode member design is particularly well adapted for elec-
trochemically active material which has a low electrical
conductivity and/or which is ionically conductive as ex-
plained above.
[0073] Figure 7 shows an enlarged view of the assem-
bled anode member 15 of Figure 6, comprising a gen-
erally cylindrical electrochemically active member 15a
with an electrochemically active surface 16, a generally
cylindrical electrically conductive support member 15b
and an intermediate connecting member or flange 15c
electrically and mechanically connecting the support
member 15b to the electrochemically active member
15a. Alternatively, the connecting member 15c may be
an extension of either the electrochemically active mem-
ber 15a or the support member 15b as shown in Figure
8.
[0074] The intermediate connecting member 15c
shown in Figure 7 may be connected to the electro-
chemically active member 15a and to the support mem-
ber 15b by force-fitting or welding. However, these parts
may be mechanically connected by providing a suitable
geometry of the connecting members 15c and the cor-

responding receiving slots of the electrochemically ac-
tive member 15a and the support member 15b, for in-
stance with dovetail joints.
[0075] The electrochemically active member 15a
shown in Figures 7 and 8 may be iron oxide-based with
or without additives, for instance an oxidised iron-nickel
alloy, as disclosed in co-pending application PCT/
IB99/01360 (Duruz/de Nora/Crottaz), PCT/IB99/00015
(de Nora/Duruz), PCT/IB99/01361 (Duruz/de Nora/
Crottaz), PCT/IB99/01362 (Crottaz/Duruz), PCT/
IB99/01977 (de Nora/Duruz) and PCT/IB99/01976 (Du-
ruz/de Nora). Alternatively, the active member 15a may
be made of a ferrite, such as nickel ferrite, or an oxidised
alloy, in particular a cast alloy, of at least two metals se-
lected from nickel, iron, copper and aluminium.
[0076] The support member 15b shown in Figures 7
and 8 and the connecting member 15c shown in Figure
7 are preferably highly conductive and may comprise a
metallic core, for instance of copper, covered with an
electrolyte resistant material, for instance the materials
mentioned above which are suitable for the electro-
chemically active member 15a.
[0077] As stated above, to avoid unnecessary me-
chanical stress in the assembly due to a different ther-
mal expansion between the electrochemically active
members 15a and the support members 15b, each sup-
port member 15b may support a plurality of longitudinal-
ly spaced apart "short" electrochemically active mem-
bers 15a. The electrochemically active members 15a
may be short cylinders or discs.
[0078] In a variation, the electrochemically active
members 15a and/or the support member 15b may be
horizontally extending prisms, for instance with a rec-
tangular base.
[0079] Figure 9 shows an aluminium electrowinning
cell according to the invention having a series of gener-
ally horizontal anodes 10 which are similar to those
shown in Figures 1a and 1b, immersed in an electrolyte
30. The anodes 10 face a horizontal cathode cell bottom
20 connected to a negative busbar by current conductor
bars 21. The cathode cell bottom 20 is made of conduc-
tive material such as graphite or other carbonaceous
material coated with an aluminium-wettable refractory
cathodic coating 22 on which aluminium 35 is produced
and from which it drains or on which it forms a shallow
pool, a deep pool or a stabilised pool. The molten alu-
minium 35 produced is spaced apart from the facing an-
odes 10 by an inter-electrode gap.
[0080] Pairs of anodes 10 are connected to a positive
bus bar through a primary vertical current feeder 11' and
a horizontal current distributor 11" connected at both of
its ends to a foraminate anode 10 through a secondary
vertical current distributor 11"'.
[0081] The secondary vertical current distributor 11 "'
is mounted on the anode structure 12,13,15, on a cross
member 12 which is in turn connected to a pair of trans-
verse connecting members 13 for connecting a series
of anode members 15. The current feeders 11' , 11 ", 11
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"', the cross member 12, the transverse connecting
members 13 and the anode members 15 are mechani-
cally secured together by welding, rivets or other means.
[0082] The anode members 15 have an electrochem-
ically active lower surface 16 on which during cell oper-
ation oxygen is anodically evolved. The anode members
15 are in the form of parallel rods in a foraminate copla-
nar arrangement, laterally spaced apart from one anoth-
er by inter-member gaps 17. The inter-member gaps 17
constitute flow-through openings for the circulation of
electrolyte and the escape of anodically-evolved gas
from the electrochemically active surfaces 16.
[0083] The cross-member 12 and the transverse con-
necting members 13 provide a substantially even cur-
rent distribution through the anode members 15 to their
electrochemically active surfaces 16. The current feeder
11, the cross-member 12 and the transverse connecting
members 13 do not need to be electrochemically active
and their surface may passivate when exposed to elec-
trolyte. However they should be electrically well conduc-
tive to avoid unnecessary voltage drops and should not
substantially dissolve in the molten electrolyte.
[0084] The active surface 16 of the anode members
15 can be iron oxide-based. Suitable anode materials
are described in co-pending application PCT/
IB99/01360 (Duruz/de Nora/Crottaz), PCT/IB99/00015
(de Nora/Duruz), PCT/IB99/01361 (Duruz/de Nora/
Crottaz), PCT/IB99/01362 (Crottaz/Duruz), PCT/
IB99/01977 (de Nora/Duruz) and PCT/IB99/01976 (Du-
ruz/de Nora).
[0085] The iron oxide surface may extend over all im-
mersed parts 11"',12,13,15 of the anode 10, in particular
over the immersed part of the secondary vertical current
distributor 11"' which is preferably covered with iron ox-
ide at least up to 10 cm above the surface of the elec-
trolyte 30.
[0086] The immersed but inactive parts of the anode
10 may be further coated with zinc oxide. However,
when parts of the anode 10 are covered with zinc oxide,
the concentration of dissolved alumina in the electrolyte
30 should be maintained above 4 weight% to prevent
excessive dissolution of zinc oxide in the electrolyte 30.
[0087] The core of all anode components 11', 11 ",
11 "', 12,13,15 is preferably highly conductive and may
be made of copper protected with successive layers of
nickel, chromium, nickel, copper and optionally a further
layer of nickel.
[0088] The anodes 10 are further fitted means for en-
hancing dissolution of fed alumina in the form of elec-
trolyte guide members 5 formed of parallel spaced-apart
inclined baffles 5 located above and adjacent to the fo-
raminate anode structure 12,13,15. The baffles 5 pro-
vide upper downwardly converging surfaces 6 and lower
upwardly converging surfaces 7 that deflect gaseous
oxygen which is anodically produced below the electro-
chemically active surface 16 of the anode members 15
and which escapes between the inter-member gaps 17
through the foraminate anode structure 12,13,15. The

oxygen released above the baffles 5 promotes dissolu-
tion of alumina fed into the electrolyte 30 above the
downwardly converging surfaces 6.
[0089] A similar anode design was proposed in US
Patent 4,263,107 (Pellegri) for improving electrolyte cir-
culation in aqueous brine electrolysis. The anode was
made of conventional anode materials for brine electrol-
ysis, such as titanium coated with a platinum group met-
al oxide, having a foraminate active anode structure. Al-
though, this anode design is well adapted for electrolyte
circulation and gas release in brine electrolysis, it has
never been proposed or suggested for use in aluminium
electrowinning cells, which differ substantially to chlor-
alkali cells, and in particular to improve the dissolution
of fed alumina.
[0090] The aluminium-wettable cathodic coating 22 of
the cell shown in Figure 9 can advantageously be a slur-
ry-applied refractory hard metal coating as disclosed in
US Patent 5,651,874 (de Nora/Sekhar). Preferably, the
aluminium-wettable cathodic coating 22 consists of a
thick coating of refractory hard metal boride such as
TiB2, as disclosed in WO98/17842 (Sekhar/Duruz/Liu),
which is particularly well suited to protect the cathode
bottom of a drained cell as shown in Figure 9.
[0091] The cell also comprises sidewalls 25 of car-
bonaceous or other material. The sidewalls 25 are coat-
ed/impregnated above the surface of the electrolyte 30
with a boron or a phosphate protective coating/impreg-
nation 26 as described in US Patent 5,486,278 (Man-
ganiello/Duruz/Bello) and in US Patent 5,534,130
(Sekhar).
[0092] Below the surface of the electrolyte 30 the
sidewalls 25 are coated with an aluminium-wettable
coating 23, so that molten aluminium 35 driven by cap-
illarity and magneto-hydrodynamic forces covers and
protects the sidewalls 25 from the electrolyte 35. The
aluminium-wettable coating 23 extends from the alumin-
ium-wettable cathodic coating 22 over the surface of
connecting corner prisms 28 up the sidewalls 25 at least
to the surface of the electrolyte 30. The aluminium-wet-
table side coating 23 may be advantageously made of
an applied and dried and/or heat treated slurry of par-
ticulate TiB2 in colloidal silica which is highly aluminium-
wettable.
[0093] Alternatively, above and below the surface of
the electrolyte 30, the sidewalls 25 may be covered with
a zinc-based coating, such as a zinc-oxide coating op-
tionally with alumina or a zinc aluminate coating. When
a zinc-based coating is used to coat sidewalls 25 or an-
odes 10 as described above, the concentration of dis-
solved alumina in the molten electrolyte 30 should be
maintained above 4 weight% to substantially prevent
dissolution of such a coating.
[0094] During cell operation, alumina is fed to the
electrolyte 30 all over the baffles 5 and the metallic an-
ode structure 12,13,15. The fed alumina is dissolved
and distributed from the bottom end of the converging
surfaces 6 into the inter-electrode gap through the inter-
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member gaps 17 and around edges of the metallic an-
ode structure 12,13,15, i.e. between neighbouring pairs
of anodes 10 or between peripheral anodes 10 and side-
walls 25. By passing an electric current between anodes
10 and facing cathode cell bottom 20 oxygen is evolved
on the electrochemically active anode surfaces 16 and
aluminium is produced which is incorporated into the ca-
thodic molten aluminium 35. The oxygen evolved from
the active surfaces 16 escapes through the inter-mem-
ber gaps 17 and is deflected by the upwardly converging
surfaces 7 of baffles 5. The oxygen escapes from the
uppermost ends of the upwardly converging surfaces 7
enhancing dissolution of the alumina fed over the down-
wardly converging surfaces 6.
[0095] The aluminium electrowinning cells partly
shown in Figures 10, 11 and 12 are similar to the alu-
minium electrowinning cell shown in Figure 9.
[0096] In Figure 10 the guide members are inclined
baffles 5 as shown in Figure 9. In this example the up-
permost end of each baffle 5 is located just above mid-
height between the surface of the electrolyte 30 and the
transverse connecting members 13.
[0097] Also shown in Fig. 10, an electrolyte circulation
31 is generated by the escape of gas released from the
active surfaces 16 of the anode members 15 between
the inter-member gaps 17 and which is deflected by the
upward converging surfaces 7 of the baffles 5 confining
the gas and the electrolyte flow between their upper-
most edges. From the uppermost edges of the baffles
5, the anodically evolved gas escapes towards the sur-
face of the electrolyte 30, whereas the electrolyte circu-
lation 31 flows down through the downward converging
surfaces 6, through the inter-member gaps and around
edges of the metallic anode structure 12,13,15 to com-
pensate the depression created by the anodically re-
leased gas below the active surfaces 17 of the anode
members 15. The electrolyte circulation 31 draws down
into the inter-electrode gap dissolving alumina particles
32 which are fed above the downward converging sur-
faces 6.
[0098] Figure 11 shows part of an aluminium elec-
trowinning cell with baffles 5 operating as electrolyte
guide members like those shown in cell of Figure 9 but
whose surfaces are only partly converging. The lower
sections 4 of the baffles 5 are vertical and parallel to one
another, whereas their upper sections have upward and
downward converging surfaces 6,7. The uppermost end
of the baffles 5 are located below but close to the surface
of the electrolyte 30 to increase the turbulence at the
electrolyte surface caused by the release of anodically
evolved gas.
[0099] Figure 12 shows a variation of the baffles
shown in Figure 11, wherein parallel vertical sections 4
are located above the converging surfaces 6,7.
[0100] By guiding and confining anodically-evolved
oxygen towards the surface of the electrolyte 30 with
baffles or other confinement means as shown in Figures
11 and 12 and as further described in concurrently filed

application PCT/IB99/00017 (de Nora), oxygen is re-
leased so close to the surface as to create turbulences
above the downwardly converging surfaces 6, promot-
ing dissolution of alumina fed thereabove.
[0101] It is understood that the electrolyte confine-
ment members 5 shown in Figures 9, 10, 11 and 12 can
either be elongated baffles, or instead consist of a series
of vertical chimneys of funnels of circular or polygonal
cross-section, for instance as described below.
[0102] Figures 13 and 15 illustrate an anode 10' hav-
ing a circular bottom, the anode 10' being shown in
cross-section in Figure 5 and from above in Figure 15.
On the right hand side of Figures 13 and 15 the anode
10' is shown with electrolyte guide members 5' accord-
ing to the invention. The electrolyte guide members 5'
represented in Figure 15 are shown separately in Figure
14.
[0103] The anode 10' shown in Figures 13 and 15 has
several concentric circular anode members 15. The an-
ode members 15 are laterally spaced apart from one an-
other by inter-member gaps 17 and connected together
by radial connecting members in the form of flanges 13
which join an outer ring 13'. The outer ring 13' extends
vertically from the outermost anode members 15, as
shown in Figure 13, to form with the radial flanges 13 a
wheel-like structure 13,13', shown in Figure 15, which
secures the anode members 15 to a central anode cur-
rent feeder 11.
[0104] As shown in Figure 13, the innermost circular
anode member 15 partly merges with the current feeder
11, with ducts 18 extending between the innermost cir-
cular anode member 15 and the current feeder 11 to per-
mit the escape of oxygen produced underneath the cen-
tral current feeder 11.
[0105] Each electrolyte guide member 5' is in the gen-
eral shape of a funnel having a wide bottom opening 9
for receiving anodically produced oxygen and a narrow
top opening 8 where the oxygen is released to promote
dissolution of alumina fed above the electrolyte guide
member 5'. The inner surface 7 of the electrolyte guide
member 5' is arranged to canalise and promote an up-
ward electrolyte flow driven by anodically produced ox-
ygen. The outer surface 6 of the electrolyte guide mem-
ber 5' is arranged to promote dissolution of alumina fed
thereabove and guide alumina-rich electrolyte down to
the inter-electrode gap, the electrolyte flowing mainly
around the foraminate structure.
[0106] As shown in Figures 14 and 15, the electrolyte
guide members 5' are in a circular arrangement, only
half of the arrangement being shown. The electrolyte
guide members 5' are laterally secured to one another
by attachments 3 and so arranged to be held above the
anode members 15, the attachments 3 being for exam-
ple placed on the flanges 13 as shown in Figure 15 or
secured as required. Each electrolyte guide member 5'
is positioned in a circular sector defined by two neigh-
bouring radial flanges 13 and an arc of the outer ring 13'
as shown in Figure 15.
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[0107] The arrangement of the electrolyte guide
members 5' and the anode 10' can be moulded as units.
This offers the advantage of avoiding mechanical joints
and the risk of altering the properties of the materials of
the electrolyte guide members 5' or the anode 10' by
welding.
[0108] The anodes 10' and electrolyte guide members
5' can be made of any suitable material resisting oxida-
tion and the fluoride-containing molten electrolyte, for
example as disclosed in PCT/IB99/01360 (Duruz/de
Nora/Crottaz), PCT/IB99/00015 (de Nora/Duruz), PCT/
IB99/01361 (Duruz/de Nora/Crottaz), PCT/IB99/01362
(Crottaz/Duruz), PCT/IB99/01977 (de Nora/Duruz) and
PCT/IB99/01976 (Duruz/de Nora).
[0109] Figure 16 illustrates a square anode 10' as a
variation of the round anode 10' of Figures 13 and 15.
The anode 10' of Figure 16 has generally rectangular
concentric parallel anode members 15 with rounded
corners. The anode 10' shown in Figure 16 can be fitted
with electrolyte guide members similar to those of Fig-
ures 13 to 15 but in a corresponding rectangular ar-
rangement.

Claims

1. A cell for the electrowinning of aluminium from alu-
mina dissolved in a fluoride-containing molten elec-
trolyte, comprising at least one non-carbon metal-
based anode having an electrically conductive me-
tallic structure with an electrochemically active an-
ode surface on which, during electrolysis, oxygen
is anodically evolved, and which is suspended in the
electrolyte substantially parallel to a facing cathode,
said metallic structure comprising a series of paral-
lel horizontal anode members, each having an elec-
trochemically active surface on which during elec-
trolysis oxygen is anodically evolved, the electro-
chemically active surfaces being in a generally co-
planar arrangement to form said active anode sur-
face, the active anode surface being vertical or sub-
stantially vertical, the anode members being
spaced apart to form longitudinal flow-through
openings for the circulation of electrolyte driven by
the fast escape of anodically evolved oxygen.

2. The cell of claim 1, wherein one or more flow-
through openings of the or each anode structure is
arranged for the flow of alumina-depleted electro-
lyte away from an electrolysis zone between the an-
ode(s) and the cathode.

3. The cell of claim 1 or 2, wherein one or more flow-
through openings of the or each anode structure is
arranged for the flow of alumina-rich electrolyte to
an electrolysis zone between the anode(s) and the
cathode.

4. The cell of claim 2 or 3, wherein part of the electro-
lyte circulates around the or each metallic anode
structure.

5. The cell of any preceding claim, wherein the anode
members are spaced-apart blades.

6. The cell of claim 5, wherein the anode members are
arranged like venetian blinds next to a vertical or
substantially vertical cathode.

7. The cell of any one of claims 1 to 4, wherein the
anode members are spaced-apart bars, rods or
wires.

8. The cell of claim 7, wherein said bars, rods or wires
have a generally circular cross-section.

9. The cell of claim 7, wherein said bars, rods or wires
have in cross-section an upper generally semi-cir-
cular part and a flat bottom.

10. The cell of claim 7, wherein said bars, rods or wires
have a generally rectangular cross-section.

11. The cell of claim 7, wherein said bars, rods or wires
have a generally bell-shape or pear-shape cross-
section.

12. The cell of any one or claims 1 to 4, wherein the
anode members are spaced-apart blades, bars,
rods or wires which are generally rectilinear.

13. The cell of claim 12, which comprises two spaced
apart adjacent non-carbon metal-based anodes
which are substantially vertical or downwardly con-
verging, the anodes being arranged between a pair
of cathodes, each anode being parallel to a facing
cathode and spaced therefrom by an inter-elec-
trode gap.

14. The cell of claim 13, wherein the adjacent anodes
are spaced apart by an electrolyte down-flow gap,
the adjacent anodes and vertical cathodes being ar-
ranged so that in operation alumina-rich electrolyte
flows downwards until it circulates via the adjacent
anodes' flow-through openings into the inter-elec-
trode gaps.

15. The cell of any one or claims 1 to 4, wherein the
anode members are spaced-apart blades, bars,
rods or wires which are in a generally concentric ar-
rangement, each blade, bar, rod or wire forming a
loop.

16. The cell of claim 15, wherein each blade, bar, rod
or wire is generally circular, oval or polygonal.
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17. The cell of any preceding claim, wherein each an-
ode member comprises an electrically conductive
first support member supporting at least one elec-
trochemically active second member, the surface of
the second member forming the electrochemically
active surface.

18. The cell of claim 17, wherein said first member sup-
ports a plurality of second members spaced apart
to allow for different thermal expansion.

19. The cell of claim 17, wherein said second member
is electrically and mechanically connected to said
first member by an intermediate connecting mem-
ber.

20. The cell of any preceding claim, wherein the anode
members are connected to one another by one or
more transverse connecting members.

21. The cell of claim 20, wherein the anode members
are transversally connected by a plurality of trans-
verse connecting members which are in turn con-
nected together by one or more cross members.

22. The cell of claim 20, wherein the or each anode
comprises a vertical current feeder arranged to be
connected to a positive bus bar which is mechani-
cally and electrically connected to one or more
transverse connecting members or to at least one
cross member connecting a plurality of transverse
connecting members, for carrying electric current to
the anode members through the transverse con-
necting member(s) and, where present, through the
cross member(s).

23. The anode of claim 22, wherein the vertical current
feeder, anode members, transverse connecting
member(s) and, where present, cross member(s)
are secured together as a unit.

24. The cell of any preceding claim, wherein at least the
active anode surface of the or each anode is coated
with an oxygen-evolving coating.

25. The cell of claim 24, wherein said electrochemically
active anode surface is made of a metal oxide, pref-
erably iron oxide.

26. The cell of any preceding claim, operating under
such conditions as to maintain the or each anode
dimensionally stable.

27. The cell of any preceding claim, wherein the cath-
ode is aluminium-wettable.

28. The cell of claim 27, wherein cathode is in a drained
configuration.

29. The cell of any preceding claim, comprising means
to facilitate dissolution of alumina fed into the elec-
trolyte.

30. The cell of any preceding claim, having means to
thermally insulate the surface of the electrolyte to
prevent the formation of an electrolyte crust on the
electrolyte surface.

31. A method of producing aluminium in a cell as de-
fined in claim 1, comprising passing an electric cur-
rent through the anode members of the or each an-
ode as electronic current and therefrom through the
electrolyte to the cathode as ionic current, thereby
producing aluminium on the cathode and oxygen on
the electrochemically active anode surface whose
escape induces an electrolyte circulation through
said flow-through openings.

32. The method of claim 31, comprising maintaining in
the electrolyte a sufficient amount of dissolved alu-
mina and one or more anode constituents to keep
the anode(s) dimensionally stable by preventing
dissolution thereof into the electrolyte.

33. The method of claim 31 or 32, wherein the cell is
operated at a sufficiently low temperature to limit the
solubility of anode constituents in the electrolyte
thereby limiting the contamination of the product
aluminium by cathodically reduced anode constitu-
ent(s) to an acceptable level.

34. A non-carbon metal-based anode of a cell for the
electrowinning of aluminium as defined in claim 1,
comprising an electrically conductive metallic struc-
ture with an electrochemically active anode surface
resistant to oxidation and fluoride-containing mol-
ten electrolyte, on which, during electrolysis, oxy-
gen is anodically evolved, and which is suspended
in the electrolyte substantially parallel to a facing
cathode, said metallic structure comprising a series
of parallel horizontal anode members, each having
an electrochemically active surface on which during
electrolysis oxygen is anodically evolved, the elec-
trochemically active surfaces being in a generally
coplanar arrangement to form said active anode
surface, the anode surface having a vertical or sub-
stantially vertical operating position, the anode
members being spaced apart to form longitudinal
flow-through openings for the circulation of electro-
lyte driven by the fast escape of anodically evolved
oxygen.

35. The anode of claim 34, wherein the anode members
are spaced apart blades, bars, rods or wires.

36. The anode claim 35, wherein the anode members
are generally rectilinear.
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37. The anode of claim 35, wherein the anode members
are in a generally concentric arrangement, each an-
ode member forming a loop.

38. The anode of claim 37, wherein each anode mem-
ber is generally circular, oval or polygonal.
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